A homologue of the N-terminal domain of the ␣ subunit of the general eukaryotic transcription factor TFE is encoded in the genomes of all sequenced archaea, but the position of archaeal TFE in transcription complexes has not yet been defined. We show here that TFE binds nonspecifically to single-stranded DNA, and photochemical cross-linking revealed TFE binding to a preformed open transcription bubble. In preinitiation complexes, the N-terminal part of TFE containing a winged helixturn-helix motif is cross-linked specifically to DNA of the nontemplate DNA strand at positions ؊9 and ؊11. In complexes stalled at ؉20, TFE cross-linked specifically to positions ؉9, ؉11, and ؉16 of the non-template strand. Analyses of transcription complexes stalled at position ؉20 revealed a TFE-dependent increase of the resumption efficiency of stalled RNA polymerase and a TFE-induced enhanced permanganate sensitivity of thymine residues in the transcription bubble. These results demonstrate the presence of TFE in early elongation complexes and suggest a role of TFE in stabilization of the transcription bubble during elongation.
The archaeal transcriptional machinery is a simplified version of the polymerase II (polII) 4 machinery. For basal in vitro transcription of most promoters, two transcription factors TBP and TFB are sufficient, orthologues to the eukaryotic transcription factors TBP and TFIIB (reviewed in Refs. [1] [2] [3] . Archaeal genomes encode a protein with a sequence similar to the N-terminal part of the ␣ subunit of TFIIE. The N-terminal part of TFIIE-␣ is sufficient for basal transcription in the polII system (4) . This finding suggests that the archaeal version of TFIIE is much like the evolutionary precursor of TFIIE possessing the core functions of this transcription factor.
TFIIE is a general RNA polII transcription factor that stabilizes the preinitiation complex (PIC) in concert with TFIIH (reviewed by Ref. 5) . TFIIE binding to polII recruits TFIIH to the preinitiation complex (4, 6, 7) . It binds to single-stranded DNA (8) and is required for ATP-dependent promoter opening by the helicase activity of TFIIH. Negative supercoiling of the template and short mismatched heteroduplex DNA around the initiation sites in topologically relaxed templates bypass the requirement for ATP, TFIIH, and TFIIE, indicating an important role of TFIIE and TFIIH in open complex formation (7) . TFIIE stimulates both the helicase and the kinase activity of TFIIH (8) responsible for open complex formation and phosphorylation of the C-terminal domain of polII. TFIIE, TFIIH, and ATP play an essential role in promoter clearance even on negatively supercoiled templates (7, 10) . Thus, TFIIE, which is released before position ϩ10 from early elongation complexes (11) , also plays an essential role in the transition from initiation to elongation.
TFIIE in human cells consist of two subunits ␣ (57 kDa) and ␤ (34 kDa) that form an ␣ 2 ␤ 2 heterotetramer (9, 12) . Photochemical cross-linking results revealed interactions of both subunits of TFIIE with promoter DNA in and immediately downstream of the region of the open complex (13) and in another study upstream of the transcription start site (14) . Recently, the TFIIE binding site has been located at the Rpb1 clamp domain in the PIC (15) .
Open complex formation in the archaeal PIC occurs independent of TFIIH that is not encoded in archaeal genomes. Therefore, analysis of the core functions of TFE is not complicated by interactions with the complex multisubunit factor TFIIH in the archaeal system. Archaeal TFE is not essential for in vitro transcription but stimulates the initiation rate at some weakly expressed promoters (16) , and mutagenesis of the TATA box or low concentrations of TBP also make the transcription of strong promoters dependent upon the presence of TFE (17) . Little is known on the mechanism by which TFE stimulates transcription. TFE can compensate for TFB mutants in promoter-directed transcription assays and stabilizes PICs containing TFB mutants in electrophoretic mobility shift assays (18) . TFE stimulated RNAP recruitment to heteroduplex templates not bound efficiently by TBP-TFB-RNAP complexes alone (18) . This finding led to the speculation that TFE stabilizes PICs by enhancing DNA melting and DNA loading. A * This work was supported by grants from the priority program "Genome function and regulation" of the Deutsche Forschungsgemeinschaft (to M. T.) and the American Heart Association Northwest Affiliate to (M. S. B.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. □ S The on-line version of this article (available at http://www.jbc.org) contains a supplemental figure. 1 direct stimulatory effect of TFE on open complex formation, in particular in the upstream part of the bubble, has been shown recently by permanganate footprinting (19) . The stimulatory effect of TFE on transcription depends upon the presence of the EЈF heterodimer corresponding to polII subunits Rpb7/4 (20) , and the interaction of TFE with RNAP is mediated mostly by subunit EЈ (19) . Here, we demonstrate that TFE induces a higher resumption efficiency of stalled elongation complexes and show the presence and position of TFE in initiation and elongation complexes by photochemical cross-linking. The findings reported here suggest an unexpected role of TFE in the stabilization of elongation complexes.
EXPERIMENTAL PROCEDURES

Immobilized in Vitro Transcription Assays of Paused Ternary
Complexes-C-minus cassettes of the gdh promoter, biotinylated at the 5Ј-end of the template DNA strand, attached to streptavidin-coated magnetic beads, were used as DNA templates for pausing of early elongation complexes at position ϩ20 relative to the transcription start site ϩ1. Standard reaction conditions were used as described in Ref. 19 (19) . TFE or RNAP subunits EЈF were added at various amounts as specified in the legend for Fig. 5 . The immobilized templates were purified as described (21) and resuspended in 35 l of transcription buffer preheated to 70°C. The reactions were split in 2 ϫ 15.5 l; after volume compensation to 20 l with preheated (70°C) transcription buffer, one half was directly denatured for 3 min at 95°C with loading dye (21) . The volume of the second half was compensated to 20 l with preheated transcription buffer containing 40 M all NTPs. The reactions were incubated for 3 min at 70°C and stopped by the addition of loading dye followed by denaturation. Reactions were analyzed by electrophoresis in 28% urea-polyacrylamide gels. Abortive transcripts from immobilized templates were isolated from the supernatant of purified ternary transcription complexes as described (21) .
KMnO 4 Footprinting of Initiation and Elongation Complexes-The DNA templates used in footprinting experiments resembled the templates used for immobilized in vitro transcription assays but additionally were labeled with [␥-32 P]ATP on the free 5Ј-end of the non-template DNA strand as described previously (21) . Footprinting reaction conditions essentially equaled the conditions described in Ref. 19 . 70 nM RNAP, 286 nM TBP, 59 nM TFB, 10 M ATP, GTP, 1.5 M UTP, and 500 nM TFE (when indicated) were incubated for 5 min at 70°C in KMnO 4 transcription buffer omitting [␣- 32 P]UTP, bovine serum albumin, and ␤-mercaptoethanol. Complexes were isolated (21) and washed with 50 l of KMnO 4 transcription buffer (70°C). Pellets were resuspended in either 25 l of KMnO 4 transcription buffer (70°C) or 25 l of KMnO 4 transcription buffer (70°C) containing 500 nM TFE as specified. All reactions were incubated at 70°C for 2 min. Then, KMnO 4 was added to a final concentration of 23 nM. The samples were incubated for 5 min at 70°C, stopped, and exposed to piperidine treatment as described previously (21) .
Photochemical Protein-DNA Cross-linking of Paused Transcription Complexes-Paused elongation complexes were assembled as described (19) . DNA templates used in photochemical cross-linking experiments were internally ␣-32 P-labeled C-minusϩ20 cassettes of the gdh promoter DNA containing azidophenacylated phosphorothioate at specific locations, prepared and radiolabeled by DNA polymerase-directed incorporation of one radioactive dNTP 3Ј to the phosphorothioate, essentially as described (22) . 2 nM template DNA were incubated with 20 nM TBP, 60 nM TFB, 46 nM RNAP, and 140 or 500 nM TFE as specified in 12.5 l of transcription buffer containing 40 mM NaHEPES, pH 7.3, 250 mM NaCl, 2.5 mM MgCl 2 , 0.1 mM EDTA, 600 ng of nonspecific competitor DNA (herring sperm DNA), and 40 M ATP, GTP, and UTP. NTP-C mix was omitted when indicated. Complexes were formed at 70°C; specific competitor DNA (gdh promoter DNA bp Ϫ164 to ϩ113 at 400 nM) was added after 3 min. Reactions were UV-irradiated for 7 min at 70°C 2 min after the addition of specific competitor DNA. Following UV irradiation, complexes were treated with nucleases and finally analyzed on 4 -19% or 8 -19% gradient polyacrylamide-SDS gels, essentially as described (23) . Radiolabeled proteins were visualized using an image plate and image analyzer (FLA-500, Fuji, Japan). Photochemical protein-DNA cross-linking of initiation complexes experiments were performed as described in Ref. 24 , and TFE was added at 140 nM as specified.
Chemical Cleavage of Cross-linked TFE-Ten 12.5-l transcription initiation complex reactions containing TBP, TFB, TFE, and RNAP were assembled using gdhP derivatized with APB at Ϫ9 and radiolabeled at Ϫ8 and Ϫ7 of the non-transcribed strand, as described above. Following cross-linking, the nuclease-treated reactions were pooled, and proteins were separated by SDS-PAGE 8 -24% gradient. The band corresponding to TFE was cut out, and TFE was eluted overnight at 37°C in 1 ml of 10 mM Tris, pH 8.0, with bovine serum albumin (25 g/ml). Eluted TFE was concentrated by microfiltration (10,000 molecular weight cut-off), and aliquots were treated with NTCB (50 mM), which cleaves at cysteines, essentially as described (24) . Mock treatments were performed under the same conditions but in the absence of NTCB. The 25-l cleavage reactions were diluted to 500 l with equilibration buffer (20 mM Tris, pH 8.0, 300 mM NaCl, and 0.01% Tween 20) and concentrated by microfiltration (3,000 molecular weight cutoff) followed by a second addition of 500 l of equilibration buffer and concentration to ϳ20 l. Samples were split, with half representing "input," and half mixed with Ni 2ϩ -conjugated paramagnetic beads for 20 min at room temperature. Supernatant was saved ("super"), and the beads were washed two times with 200 l of equilibration buffer. Protein was eluted from the beads by incubation for 10 min in equilibration buffer plus 250 mM imidazole ("elute"). Input, super, and elute were analyzed by SDS-PAGE 10 -24% gradient, and dried gels were visualized by phosphorimaging.
Photochemical Protein-DNA Cross-linking of TFE to Singlestranded DNA-Nonspecific TFE/single-stranded DNA crosslinks were performed using six single-stranded DNA oligonucleotides containing the sequence of the non-template strand of the Pyrococcus gdh promoter DNA from Ϫ30 to ϩ13. Each oligonucleotide contained an azidophenacylated phosphorothioate at one specific location (at positions Ϫ26, Ϫ21, Ϫ16, Ϫ10, Ϫ6, Ϫ1, and ϩ1 relative to the transcription start site) and was radiolabeled at the 5Ј-end with [␥-32 P]ATP (21) . Equal concentrations of radiolabeled and photoreactive oligonucleotides were incubated in binding reactions at a final concentration of 1 M as described under "Photochemical Protein-DNA Crosslinking of Paused Transcription Complexes" in the absence of NTPs. Templates were incubated with 1.9 M TFE, rpoF or rpoEЈ, or rpoL at 70°C for 5 min. Then, the reactions were UV-radiated at 70°C. After 5 min of further incubation, loading dye was added; the reactions were denatured for 3 min at 95°C and loaded onto 4 -19% gradient polyacrylamide SDS-gels. Photochemical Protein-DNA Crosslinking of TFE and RNAP to DNA within a Preopened Transcription Bubble-For cross-linking of TFE and RNAP to DNA containing a preopened transcription bubble, templates were prepared essentially as described (22) with the following changes. 5Ј immobilized oligonucleotides containing an phosphorothioate at one specific location were radiolabeled and extended to full template length basically as described in Ref. 22 . Then, the two strands were separated via NaOH treatment, and the strand carrying the phosphorothioate with adjacent radiolabel was hybridized to a long oligonucleotide with mismatch region comprising positions Ϫ6 to ϩ6 (19) relative to the transcription start site ϩ1 and azidophenacylated as described (22) . For native RNAP shift experiments, 2 nM photoreactive DNA template were incubated FIGURE 1. TFE binds to a mismatched bubble. A, sequence and features of the preopened transcription bubble DNA construct after EcoRI treatment, comprising a mismatch region from position Ϫ6 to ϩ6 relative to the transcription start site ϩ1 (boxed) with azidophenacylated phosphorothioate at position Ϫ3 (circled, flash sign) and adjacent radiolabel at position Ϫ1 (circled, radioactive sign) on the non-transcribed strand. B, RNAP can bind to photoactive preopened bubble DNA in the absence of TBP/TFB. DNA (2 nM) was incubated with various amounts of RNAP (21, 42, 105 , and 210 nM) at 70°C and UV-irradiated before loading for electrophoresis. C, TFE and RNAP bind to the photoactive, preopened DNA template independently. TFE was added at 1.9 M (lane 2) to photocross-linking reactions. RNAP was added at 105 nM (lane 3), and RNAP and TFE were added at 105 nM and 1.9 M (lane 4), respectively. FIGURE 2. TFE cross-links to the non-template strand in PICs. A, TFE cross-linking at position Ϫ9 occurs only on the non-transcribed strand of the gdh promoter. After transcription complexes were formed with RNAP, transcription factors as specified, and promoter probe photoactivated at position Ϫ9 on the non-transcribed strand (left panel) or the transcribed strand (right panel), cross-links were induced by UV irradiation, processed with nuclease, and resolved by SDS-PAGE as described under "Experimental Procedures." Cross-linked proteins were identified by their relative electrophoretic mobilities and indicated at the right side of the gels. B, cross-linking of TFE, TFB, and RNAP in the region from ϩ4 to Ϫ21 of the non-template strand of the gdh promoter. Cross-linking to probes specifically photoactivated at the positions indicated in the figure was performed as in A.
in the dark with various amounts of RNAP as indicated in the legend for Fig. 1 in transcription buffer at 70°C for 5 min and UV-irradiated for 7 min at 70°C. Following electrophoresis in a 5% native gel (22), samples were visualized using an image plate and image analyzer. For cross-linking experiments, templates (and 105 nM RNAP when specified) were incubated at 70°C. After 3 min, TFE was added to a final concentration of ϳ1.9 M. Samples were incubated for an additional 2 min at 70°C followed by UV radiation, nuclease treatment, and SDS-gel electrophoresis as described under "Photochemical Protein-DNA Cross-linking of Paused Transcription Complexes."
RESULTS
TFE Interacts with DNA Upstream of the Open Complex in
Preinitiation Complexes-Eucaryotic TFIIE is involved in promoter binding and melting (5), and TFIIE␣ is cross-linked with promoter DNA at position Ϫ10, immediately upstream of the open complex (25) . To investigate the interaction of TFE from Pyrococcus furiosus with the promoter region in the PIC, we conducted photochemical crosslinking assays with single-stranded DNA, a premelted heteroduplex mimicking an open complex, and we also analyzed cross-linking to the gdh promoter at positions upstream of the transcription start site in the PIC.
We used six single-stranded DNA templates extending from position Ϫ30 to ϩ4 of the gdh promoter with azidophenacylated phosphorothioate at positions Ϫ26, Ϫ21, Ϫ16, Ϫ10, Ϫ6, and Ϫ1. TFE cross-links to these single-stranded probes were observed after SDS-PAGE (data not shown). In control reactions, no cross-linking was observed with purified RNAP subunits F and L, but subunit E Јwas also cross-linked to this probe (data not shown). This finding indicates that archaeal TFE can bind to single-stranded DNA. A heteroduplex with misspaired DNA in the region from ϩ6 to Ϫ6 (Fig. 1A) and a crosslinkable derivatization at position Ϫ3 was bound by RNAP in electrophoretic mobility shift assays (Fig. 1B) at enzyme to DNA ratios ranging from 20-to 100-fold (lanes 3-5) . When binding of TFE, RNAP, and a combination of TFE and RNAP to this template was studied by photochemical cross-linking, TFE, RNAP, and 3, and 5) , respectively. B, predicted cleavage profile for N-terminal His-tagged TFE. Since NTCB cuts at cysteine residues, three single hit products are possible, each inducing one long cleavage product (15-17 kDa) containing a winged helix domain and one smaller cleavage product (6 -9 kDa) containing the C-terminal region. 1-3) leads to a significant increase of synthesis of short RNA products. TFE was added at 36 (lane 2) or 357 nM (lane 3). B, subunits EЈF are important for significant stimulation of abortive transcription by TFE. Transcription reactions were conducted as described under "Experimental Procedures" and contained 50 nM RNAP⌬EЈF. 260 nM EЈ and 405 nM F were added in lanes 2 and 6, whereas 660 nM EЈ and 1 M F were added to the reactions analyzed in lane 3. Increasing amounts of TFE were added as indicated in the figure (71 nM, lane 4; 357 nM, lanes 5 and 6) . C, purification of immobilized ternary complexes (21) and of released abortive transcripts analyzed in panels A and B.
both in combination were found to be cross-linked to position Ϫ3 of the non-template strand after SDS-PAGE (Fig. 1C) . A probe containing duplex DNA of the gdh promoter derivatized at position Ϫ9 was incubated in binding reactions with RNAP, TBP, TFB, and TFE, and cross-linking to TFB and RNAP subunits B, AЈ, and AЉ was observed both on the template and on the non-template strand ( Fig. 2A, lanes 2-4) . By contrast, cross-linking of TFE was only found at the non-template strand (Fig. 2A,  lanes 5 in the left and right panel) . Cross-linking of TFE to probes photolabeled at the non-template stand between position ϩ4 and Ϫ21 was also studied. Strong cross-linking of TFE at position Ϫ11 (Fig. 2B, lane 4) and a weak cross-linking signal at position ϩ4 were observed (Fig. 2B,  lanes 4 and 8) . No cross-linking was observed at positions Ϫ21 and Ϫ5 (Fig. 2B, lanes 2 and 6) . This finding indicates that archaeal TFE interacts specifically with the non-template strand of promoter DNA mainly in the region upstream of or at the upstream end of the transcription bubble. Cross-linking of TFE was only observed in the presence of RNAP and of TBP/TFB ( Fig. 2A) . This finding indicates that a complete PIC and the recruitment of RNAP to the promoter are a prerequisite for loading of TFE to the PIC.
In the N-terminal domain of TFE from Sulfolobus solfataricus, the crystal structure of a characteristic winged helix-turn-helix motif has been resolved (26; PDB number 191h) that is also conserved in Pyrococcus TFE (see supplemental material). To identify the domain of Pyrococcus TFE responsible for interaction with the non-template strand of the promoter DNA, N-terminal His 6 -tagged TFE was isolated from gel-purified PICs cross-linked to the non-template strand at position Ϫ9 and cleaved by a reagent specific for cysteine residues (NTCB). The cleavage products of TFE consisting of 15.1, 17.3, and 17.6 kDa are expected to contain the N-terminal part of TFE harboring the winged helix-turn-helix motif (Fig. 3B) . The purified NTCB cleavage products were incubated with TALON-Ni 2ϩ -coated beads, and proteins attached to the beads were purified and eluted from the beads with imidazole. Both the non-bound fraction in the supernatant of binding reactions with Ni 2ϩ -coated beads and the fraction eluted with imidazole from the beads were analyzed by SDS-PAGE (Fig. 3A) . NTCB-treated cross-linked TFE was cleaved to a major product of ϳ15 kDa (Fig. 3B, lane 2) . This fragment was enriched in the fraction eluted from Ni 2ϩ -coated beads (Fig. 3A, lane 6) and not in the supernatant from binding reactions containing the Ni 2ϩ -coated beads (Fig. 4A, lane 4) . This finding indicates that the N-terminal part of TFE containing the winged helix-turn-helix motif is involved in binding of TFE to DNA in the PIC.
TFE Stimulates Abortive Transcription-When transcription complexes were stalled at position ϩ20 on immobilized templates containing the gdh promoter (21) and the complexes were purified by magnet particle separation, small amounts of 5-nt abortive transcripts were found in the supernatant of the reaction (see Fig. 4C for the experimental setup) and were therefore released from the complexes (Fig. 4A, lane 1) . Abortive transcripts are generally thought to be formed in repeated cycles by promoter-associated RNAP before the enzyme disengages from the promoter (reviewed by 27). The synthesis of abortive transcripts was ϳ3-fold increased in the presence of TFE (Fig. 4A, lanes 2 and 3) . This finding indicates that TFE stabilizes these early promoter-bound transcription complexes. TFE interaction with RNAP has been shown to be dependent upon RNAP subunits EЈF (19, 20) . Therefore, we studied the effect of TFE on transcription by the reconstituted archaeal core enzyme lacking these subunits (19) . As expected, TFE had only a weak stimulatory effect on abortive transcription by the core enzyme, and synthesis of the released 5-nt transcript was significantly increased when the reactions were supplemented with EЈ and F or subunit EЈ alone (Fig. 4B, lanes 6 and 7) .
TFE Increases the Resumption Efficiency of Stalled Complexes of the Post-escaped State-
The archaeal RNAP starts translocation when RNA reaches a length of 10 nt (21) and structural and biochemical studies of ternary polII complexes suggest that ternary complexes reach their full stability when the growing RNA is 14 -15 nt in length (28, 29) . To investigate the effect of TFE on later steps of transcription, we analyzed the synthesis of a transcript stalled at position ϩ20 and the resumption of stalled transcription complexes in the presence and absence of TFE by the reconstituted Pyrococcus RNAP. TFE had a moderate effect on the formation of stalled ternary complexes (Fig. 5A, compare  lanes 1, 3, and 5, and 5C, lanes 1 and 3; a quantification of the results is shown in Fig. 5A in the right panel) consistent with a ϳ1.5-fold stimulatory effect on the synthesis of run-off transcripts from the gdh promoter (19) . We next analyzed the resumption of ternary complexes by the addition of a complete set of NTPs to stalled complexes and studied the decrease of the 20-nt RNA in ternary complexes after the NTP chase. The resumption of stalled complexes formed by the reconstituted RNAP in the absence of TFE was ϳ50% (Fig. 5A, lane 2) . When TFE was added to initiation reactions, it increased resumption from 50 to ϳ75% (Fig. 5A, compare lanes 2, 4, and 6 ). Considering that the maximum resumption efficiency is 100%, this finding indicates a significant TFE-induced increase in the resumption of stalled complexes. A quantification of the resumption is shown in Fig. 5A , in the left panel (below the gel). When TFE was not present during initiation reactions but added later to stalled complexes (Fig. 5C, lanes 5 and 6) , it did not exert an effect on elongation of stalled complexes. This finding suggests that TFE is recruited only to the PIC and not to stable ternary complexes. To further investigate the role of TFE on the elongation of stalled transcripts, we next purified complexes of the core enzyme stalled at position ϩ20. Consistent with the previously published result (19, 20) that TFE contacts RNAP via EЈF, TFE had only a moderate effect (ϳ10%) on resumption of ternary complexes formed by the core enzyme (Fig. 5B, lanes 11 and 12) but dramatically stimulated elongation of stalled RNAP from 10 to ϳ30 or 35% when EЈ (Fig. 5B,   FIGURE 5 . A, TFE increases the resumption of stalled elongation complexes. The reaction mixture contained DNA template, TBP, TFB, and 43 nM recRNAP as indicated. TFE was added to 36 nM (reaction analyzed in lanes 3 and 4) or 357 nM (reaction analyzed in lanes 5 and 6). Ternary transcription complexes were stalled at position ϩ20 by the use of a C-minus cassette of the gdh promoter (21) in reactions not containing CTP. Ternary complexes were purified by the use of streptavidin-coated beads, and resumption was analyzed by the addition of a complete set of NTPs (Chase). Transcripts in lanes 2, 4, and 6 represent the fraction of stalled ternary elongation complexes that were unable to resume transcription after the addition of NTPs. The total activity in stalled ternary complexes is shown in the diagram on the right of the gel, and the resumption of stalled complexes is shown in the diagram below the gel. B, subunit EЈ is essential for the TFE-induced increase of the resumption efficiency of stalled complexes. TFE was added at a molar concentration of 357 nM TFE (lanes 5 and 6), F at 405 nM, and EЈ at 260 nM as indicated. C, TFE can be recruited only to PICs. Stalled transcription complexes were formed in the absence (lanes 1 and 2 and 5 and 6) and the presence of 500 nM TFE (lanes 3 and 4) . Complexes were washed with preheated transcription buffer and resuspended, and one half of the reaction was complemented with a complete set of NTPs (lanes 2, 4, and 6) , whereas the other half was directly denatured (lanes 1, 3, and 5) . To chase the reactions analyzed in lane 6, TFE was added to purified ternary complexes at a final concentration of 500 nM. Following incubation for 3 min at 70°C, reactions were denatured and analyzed on 28% urea-PAGE. The total activity in stalled complexes is shown on the right, and the resumption efficiency of stalled complexes is shown below the figure. lanes 5 and 6) and EЈF (Fig. 5B, lanes  3 and 4) was added to initial transcription reactions. These findings suggest that TFE added prior to initiation affects the conformation of the elongation complex in the postescaped state.
To investigate the effect of TFE on the resumption of stalled complexes in more detail, we analyzed the permanganate sensitivity of the transcription bubble in both promoter-bound binary complexes and elongated ternary complexes. To this end, the NTP concentration was optimized to obtain mixed populations of promoter-bound and stalled complexes (see "Experimental Procedures"). When TFE was added before the transcription reactions were started with NTPs, both the signals corresponding to the open complex at the promoter and the ϩ11, ϩ14, and ϩ16 signal corresponding to the bubble in elongation complexes were intensified (Fig. 6, compare lanes 2 and 3) . This finding indicates that the addition of TFE to initiation reactions also affects the stalled elongation complex. This effect is not due to an increased formation of stalled complexes in the presence of TFE because TFE increased the formation of stalled complexes only by 20% (Fig. 5A) , whereas the stimulatory effect on bubble opening in the ternary complex was ϳ4-fold (Fig. 6,  right panel) . This finding suggests that TFE increases resumption of stalled complexes by stabilizing the transcription bubble. When TFE was added to reactions containing stalled complexes and these reactions were incubated for a further 2 min, only the modification of thymine residues located in the promoter region was stimulated (Fig. 6,  lane 4) . This finding confirms our conclusion inferred from analyses of the resumption efficiency of stalled complexes that TFE is unable to bind to stable elongation complexes.
TFE Cross-links in Stalled Elongation Complexes to the Non-template Strand of the Transcription
Bubble-Permanganate footprinting revealed that TFE-induced sta-bilization of the transcription bubble in stalled elongation complexes occurs at positions ϩ11, ϩ14, ϩ15, and ϩ16 (Fig. 6) . To investigate the molecular basis for the TFE interaction with elongation complexes in more detail, the immobilized gdh template was photoactivated at positions ϩ9, ϩ11, ϩ16, and ϩ21, both at the template and at the non-template DNA strand and cross-linking of TFE and RNAP to these probes, was studied (Fig. 7) . In the panels showing cross-linking of transcriptional components to position ϩ9, ϩ11, and on to the non-template strand of position ϩ21, a control reaction lacking NTPs was done to reveal the cross-linking pattern in preinitiation reactions (right lane in these panels). For each control reaction, no cross-linking of TFE was observed. This finding indicates that the cross-linking signals obtained after the addition of NTP to transcription reactions are specific for stalled elongation complexes. As predicted from published work (22) , cross-linking of RNAP subunits B, AЈ, and AЉ was observed in the PICs at positions ϩ9, ϩ11, and ϩ16 but not at position ϩ21 (Fig. 7 , last lane each in panel, ϩ9, ϩ11, and in the right part of panel, ϩ21). When TFE was added to transcription reactions containing NTPs, TBP and TFB cross-linking of TFE was observed in panels ϩ9, ϩ11, and ϩ16, specifically on the nontemplate strand (see lanes 6 and 7 in the right part of each panel). No cross-linking of TFE to the non-template strand could be detected at position ϩ21 and on all studied positions of the template strand. Cross-linking of RNAP subunits B and AЈ was increased in the presence of TFE in some instances (Fig.  7B, panel ϩ9 , template strand, and panel ϩ21, non-template strand) and cross-linking of AЉdecreased by TFE (see panel ϩ11, template strand). Taken together, these findings suggest that TFE affects the conformation of the elongation complex and indicate binding of TFE to the non-template strand in the transcription bubble in elongation complexes.
DISCUSSION
In the first part of this study, we have identified the position of archaeal TFE in the PIC. Archaeal TFE contains a winged helix domain, suggesting a potential for TFE to bind DNA, although the putative DNA recognition helix is negatively charged and binding of this domain to DNA was not detected in electrophoretic mobility shift assays (26) . We show here by cross-linking that TFE such as eukaryotic TFIIE (8) can bind to single-stranded DNA (data not shown) and to a preopened bubble both in the presence and in the absence of DNAbound RNAP (Fig. 1) . In addition, TFE is cross-linked specifically to the non-template DNA strand upstream of the transcription start site in PICs (Fig. 2) , and cleavage of the cross-linked TFE molecule revealed that the N-terminal domain harboring the winged helix fold is involved in DNA binding (Fig. 3) . These data indicate that this domain is involved in interactions of TFE with DNA of the non-template DNA strand in the PIC mainly in the region upstream of the open complex. Intriguingly, TFE has been shown to promote open complex formation in particular in the upstream part of the transcription bubble (19) , and the findings reported here suggest that this stabilization of the open complex is mediated by direct interaction of TFE with the non-template DNA strand (Fig. 2) . TFIIE␣ and TFIIE␤ were cleaved by probes in promoter DNA downstream of the TATA box and overlapping the transcription start site in the yeast PIC (30) . Cleavage of TFIIE␣ mapped to the winged helix domain. The cross-linking data presented here suggest that archaeal and eukaryotic TFIIE␣ interact with a similar region of DNA in the PIC as predicted on the basis of the remarkable structural similarity of the winged domain of eukaryotic TFIIE␣ and archaeal TFE (26) .
Archaeal TFE interacts directly with TBP and RNAP (17) . This finding and the absence of TFIIF and of TFIIH in the archaeal transcriptional machinery suggest a major role of TFE as bridging factor between RNAP and TBP (26) . The stabilizing effect of TFE on TBP binding and RNAP recruitment may be also responsible for the stimulatory effect of TFE on the synthesis of a 5-nt abortive transcript (Fig. 4) . Intriguingly, the synthesis of a 4-nt abortive transcript is a major feature of unstable early transcription complexes in the pre-escape state of polII (reviewed by Ref. 27) . The findings reported here and published data (19) support the conclusion that TFE is involved in the synthesis of these abortive transcripts by stabilizing the transcription bubble in promoter-bound complexes in both systems.
Eukaryotic TFIIE has a clearly established role in the TFIIHdriven transition from initiation to elongation (reviewed by Ref. 5 ), but the release of TFE from early elongation complexes before the formation of a 10-nt transcript was reported (11) . Several lines of evidence presented in this report indicate a completely unexpected additional role of archaeal TFE at later stages of elongation. First, TFE enhances the resumption efficiency of transcription complexes stalled at position ϩ20 (Fig.  5) . The finding that the addition of TFE to purified stalled complexes has no effect on resumption (Fig. 5c, lanes 5 and 6) indicates that TFE recruitment can occur only during formation of the PIC and not at later stages of the transcription cycle. Sec- FIGURE 7 . A, sequence and photolabeling of the gdh promoter. The probe used for cross-linking contained bp Ϫ39 to ϩ35, relative to the transcription start site, indicated by the bent arrow. The TATA box and the pausing position (Pos.) ϩ20 are boxed, and the locations of photoactive labels (phosphorothioate derivative containing azidophenacyl bromide) on the template and the non-template strand, respectively, are indicated by asterisks. B, stalled transcription complexes were formed with photoactive DNA templates and challenged with nonspecific (nonsp.) competitor DNA and specific promoter DNA (see "Experimental Procedures"). Gdh promoter DNA was added 2 min prior to UV radiation and nuclease treatment (Dnase I and S1 nuclease in combination or Dnase I and S7 nuclease in combination). The addition of specific competitor DNA minimized the amount of free transcriptional components, and therefore, nonspecific cross-linking. The cross-linked proteins were analyzed in 4 -19% gradient SDS-PAGE. The position of the azidophenacylated phosphorothioate in each template is indicated at the left side. The left panel shows the resulting cross-links on the template strand, whereas cross-links on the non-template strand are shown in the right panel. Proteins added to each reaction are indicated on the top of the gels. Triangles indicate an increase of TFE from 140 to 500 nM TFE in the reaction. Cross-linked proteins were identified by their relative electrophoretic mobilities and are indicated at the right-hand side of each gel. For control purposes, some reactions were incubated without NTPs (ϩ9T and ϩ9NT, lanes 8; ϩ11T and ϩ11NT, lanes 9; ϩ21NT, lane 7) . Cross-linked reactions for position ϩ9T and ϩ21NT were proceeded with S7 nuclease, which can be radiolabeled autocatalytically (the position of the labeled S7 nuclease is indicated). The position of undigested DNA identified in control lane 1, not containing proteins, is indicated. C, schematic diagram of the experimental design for photochemical DNA-protein cross-linking of paused ternary elongation complexes.
ond, permanganate footprinting revealed a strong TFE-induced stabilization of the transcription bubble in elongation complexes stalled at position ϩ20 (Fig. 6 ). This finding suggests that TFE translocates with RNAP following initiation and acts by stabilizing the transcription bubble in elongating complexes. The physical association of TFE with the elongation complex has been clearly shown directly by photochemical cross-linking (Fig. 7) . Analysis of immobilized complexes containing RNAP in both the pre-escaped and the post-escaped state revealed that TFE was specifically cross-linked to the non-template strand of the transcription bubble from position ϩ9 to ϩ16 (Fig. 7) . The cross-linking pattern of the RNAP subunits AЈ, AЉ, and B was also modified in TFE containing ternary complexes. These findings provide evidence that TFE is a part of early elongation complexes and also affects the conformation of the ternary elongation complexes. It is tempting to speculate that the presence of TFE in elongation complexes in vivo increases processivity and decreases pause site occupancy. For example, in particular on long transcripts or operons with several genes, the presence of TFE could have a very large cumulative effect. A direct role of eukaryotic TFIIE in elongation has not been shown, but a potential effect on the processivity of polII by modification of subunits has been discussed (reviewed by Ref. 5) . Detailed structural studies of elongation complexes stalled in various registers and crosslinking analyses of transcription complexes at later stages of transcription are required for a deeper understanding of the function of TFE in elongating complexes. Our results reveal a novel core function of TFE in elongation that might also be relevant in eukaryotic transcription complexes lacking TFIIH (31) .
